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Abstract

The core levels of TIBa,CaCu, O, ; (T]- 12 12) epitaxial films have been mecasured with x-ray
photoclectron spectroscopy (X1'S). The valence clectronic structure has been determined using the
full- potential lincar muffin tin orbital band structure method and measured with X PS. The
calculations show thatavan Hove singularity (vt 1s) lies above the Fermi level (L) for the
stoichiometric compound (8=0), while for 50% oxygen vacancies in the T1-O layer (8=-0.5) k. is
in close proximity to the vl 1s. Samples annealed in nitrogen (to reduce the hole overdoping by the
removal of oxygen) exhibit higher core level binding energies and higher T, consistent with a shift
of K, closer to the vlls. Comparisons arc made to the core levels and valence bands of
T1,Ba,CaCu,04,5 (1'1-22 1 2) and 1 IgBa,CaCu,0Oy, ; (11g-1212). The similarity of the Cu2p,,
spectrafor ‘1'1-1212 and T1-2212 indicates that the number of T1-O layers has little effect on the
Cu-O bonding. However, the '] ']-1212 and Hg- 1212 Cu 2p,,, signals exhibit diffcrences which
suggest that the replacement of T1'* with Hg*? results in a decrease in the O 2p = Cu3d charge
transfer energy and diffcrences in the probabilitics of planar vs. apical oxygen charge transfer
and/or 7.hang-Rice singlct state formation on Cu sites away from the core hole.  Diffcrences
between the' 1'1-1212 and the ‘H-2212 and Hg- 1212 measured valence bands arc consistent with the
calculated Cu3d and (T, Hg) 6s/5d partial densities of states.

PACS Numbers: 74.72 ¥q, 74.25.Jb,74.76 Bz, 79.60 .-i



1. introduction

Among the Tlcupratc high temperature superconductors, the TIBa,Ca, ,Cu Oy, 5
(T1- 12(n- 1 )n) family hasreceived little attention relative to the T1-22(n- 1 )n family, duc to both the
somcwhat lower superconducting transition temperatures ('T,) and the greater difficulty in obtaining
high quality T1- 12(n- 1)n phases. Comparison of single and double “1'1-layer materials is of
fundamental interest in determining the effect of the charge reservoirs and distance between Cu-O
planes on the electronic structure. However, band structure calculations of single |’ 1-layer
materials have been limited to a single tight binding study.'

Some interest in applications of the Tl- 1223 phase has been motivated by its lower
anisotropy, greater flux pinning and consequently higher critical current densities relative to the
more commonly studied ‘1'1-2212 and “1'1-2223 phases. The 1'1-1212 phase also has greater flux
pinning, but has been the subject of even fewer studies. The T, of 3'1-1212 depends sensitively on
the oxygen doping,” varying in bulk powders from 80 K for samples synthesized in oxygen to as
high as 110 K as 6 increases, thus requiring controlled annealing in an inert atmosphere to achieve
optimal doping by removal of excess oxygen. The growth of high quality epitaxial T]-1212 films,
which are of interest for microwave device applications, has only recently been demonstrated.™

1ligh temperature superconductors have been widely studied with photocmission
spectroscopy. Valence band measurements provide a measure of the density of states, while core
level measurements provide information on issues such as oxidation states and doping-induced
chemical potential shifts and, in the case of the highly correlated Cu cations, charge transfer
mechanisms and multiplet splitting. However, photoemission studies of the Tl cuprates have been
limited by the difficulty in obtaining well-charactcrizccl, high quality materials, as well as by the
well-known difficulty, common to all of the cuprates, in obtaining clean surfaces duc to the
reactivity of the alkaline earth components. Previous x-ray photoelectron spectroscopy (XPS)
mecasurements on T]-1212 arc limited to reports from a single groups’ The earlier XPS studies
reported no detectable Fermi edge and were on polycrystalline samples scraped in vacuum 57

which can yield surfaces with significant spectral contributions from nonsuperconducting grain




boundary specics and/or artifacts from scrape-induced damage.” XPS measurements from higher

quality 1“1-1212 surfaces are therefore desirable.

in this work, XPS core lcvel and valence band mcasurcments arc reported for high quality
epitaxial T1- 1212 films. These results arc compared to the band structure calculated in this work
and to previously reported XPS measurements of T1- 1212 polycrystalline pellets.™’ The T1-1212
film surfaces are demonstrated to be high quality, as shown by the relatively low intensities
observed for the high binding energy contaminant signals in the O 1s and Ba core levels and the
observation of a clecar Fermi edge in the valence band region. Comparison of the data measured in
this work to earlier measurements on epitaxial films of 11g-1212 (Ref. 9) and T1-2212 (Ref. 1 O)
yiclds information on the effects of varying the number of ‘1’1-0 layers or replacing the T1'* with
Hg'*. The effects of oxygendopingarcinvestigatedby comparing XPS spectra from as-grown
and nitrogen-annealed “1'1- 1212 samples with significantl y different T s. The eloping-inducecl core
level shiftsand change in T, are compared to expectations based on the band structure calculations,
and the possible role of van Hove singularities is discussed. The measured 1'1-1212 valence band
density of states is compared to those of “1'1-2212 and Hg-1212, and differences are explained by

comparison of the calculated Cu3d and (T1,Hg) 6s/5d partial densities of states of these materials.

11. Experimental

Epitaxial ‘1’ 1-1212 films on 1.aAlO, ( 100) substrates are obtained by sputter deposition of
T1-free precursor films followed by an ex sitie anneal in a static two-zone furnace for thallination.
Details of the. film growth, annealing, and characterization arc described elsewhere.* Some of the
films reccived an additional anncal in nitrogen at 250° C for one hour. Prior to the final nitrogen
anneal, which adjuststhe oxygen content, the filmsare typically superconducting at -70-75 K,
while T, israised to -85-90 K after nitrogen anncaling.

The films were cleancd with a nonaqucous etchant consisting of 0.1 % Br, in absolute
ethanol, rinsed in ethanol, and blown dry with nitrogen in the ultrahigh purity nitrogen atmosphere

of a glove box which encloses the XPS load lock. This procedure minimizes exposure of the clean



surface to reactive atmospheric gases such as water vaper and carbon dioxide and has yielded high
qual it ¥ surfaces for other cuprate superconductors, notably including the Tlcuprate phascs
“1'] -2212 (Ref. l0) and ‘1'1-2201 (Ref. 11) as wc]] as the chemically and structurally similar 1g
cupratc Hg-121 2 (Ref. 9). The ectch ratc was foundto be - 1()()0 Alrein, anda 45s cich was
sufficient for obtaining XPS spectra characteristic of high quality surlacces, using criteria described
clsewhere.*  The XPS spectra were accumulated on a Surface Science Spectra SSX-501
spectrometer With monochromatized Al K, x-rays (1486.6 cV), photoemission normal to the film
surlace, and abase pressure of 5x 1 07’ Torr. The x-ray beam diameter was 150 jum for the core
level measurements and 300 pim for the valence band mcasurements. The pass cnerg 'y of the
electron energy analyzer was 25 ¢V, yielding a peak full width athalf maximum (FWHM) of 0.7
¢V for a Au4f,, signal. The Fermilevel of Au is taken to be the zero of binding energy, which
yields a Au4f;, binding energy, measured from a deposited Au film, Of 83.9 ¢V andaCu2p,,
binding energy, measured from an Ar ion-ctched Cu plate, of 932.5 ¢V,

One fully oxygenated and two nitrogen-anncaled films arc measured in this work, and ac
susceptibility measurements following the XPS measurcments show a superconducting transition
onsctat 74.5 K with a transition width of 2 K for the oxygenated film, and superconducting
transition onsets of 86 K and&87 K with transition widths of 1 K for the nitrogen-anncaled film,
Equivalent XPS spectra arc obtained from both nitrogen annealed films, the spectra presented here
arc from the film with T, = 87 K. The surfacc stoichiometrics alter etching for all three films

mcasurcd in this work are near TI:Ba:Cla:Cu =1:1.85:1.15:2.
111. Band Structure Calculations

Since the oxygen content in T1-Olayers isof crucia importance for T, the electronic
structure is caleulated for “1'1- 1212 with two dilferent oxygen contents; oric corresponds to 8=-0
when all oxygen sites in the TI-O layer tire occupied, and another corresponds to 8=0.5, when

every other oxygen siteis vacant.




To determine the electronic structure of “1'1-1212, the full-potential linear muffin-tin orbital
(FIM’]’ (I)" was used within the local density approximation (1 .12A) and the Ceperly-Alder form of
the exchange-correlation potential, In these calculations no shape approximations arc made to
either the charge density or the potential. The structural parameters for ‘I’ 1- 1212 arc taken from
Ref. 12. The unit cell consists of two Cu-0, layers (oxygen atoms in Cu-O, layers are referred to
as 0(1)) separated by Ca, and ablocking layer containing Ba, “apical” oxygen (O(2)) and the 1'1-0
layer with its oxygen site referred to as 0(3). local atomic distortions around the oxygen vacancy
site that were measured in Ref. 12 were taken into account in the calculations for ‘1'1-1212 (6=0.5).

‘I"he FI.MTO calculations are performed in the spin-restricted scalar-relativistic mode with
atomic Ba(5s5p°6s%6p?), TI(5s°5p°Sd '%6s°Gp"), Cu(3s°3p®3d'%4 s, Ca(3s"3p’ds”) and O(2s?2p*)
levels treated as valence band electrons. A technique, similar to Singh’s “local orbitals”," is used
to enable simultancous treatment of orbit als with equal orbital number in the same energ y wi ndo w.
1( is well known that the 1.MTO scheme of band calculations works well for close-packed
structures. in order to get a more close-packed structure, empty Spheres are introduced at sites
(0.5, 0.0, 0.0). The MT-radii arc carefully chosen based on the spatial distribution of the self-
consistent charge density over the unit ccl].

The set of radii, R;;=2.0,R, =3.4,R_=2.84andR,=1.8 au., arc used since thesc attribute
charge densities centered at different atoms to their corresponding spheres, leaving only relatively
smooth variations of the charge density over the interstitial region. A triple-kappa basis set is
employed for each type of atom with angular momentum, /, up to 2 for Tl, Cu and Oandupto 3
for Baand Ca for x’=-0.0 1Ry, andup to 1 for ¥'=- 1.() and -2.3 Ry. Wave functions with / , =1
arc associated with empty spheres for the first kappa value only. The charge density is calculated
exactly in muffin-tin spheres for angular momentum components up to /=6. The same / cut-off is
usced when interpolating in the interstitial region over f lankel functions with energies -1 and-3 R y.

Calculations done for /=5do not show any difference in band positions which indicates good

convergence Of the results with /
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The Brillouin-zonc integrations arc carried out by the tetrahedron method using a 455 &-point
mesh (corresponding to 12X12X 12 regular divisions alongthek , K,, andk, axes, respectively) in
the /16 irreducible wedge.

Total and [-projected density 01 states (DOS) of “1'1-1212 (&= O) arc presented in Fig. 1 with
the Yermi energy (1)) chosen at O cV. The upper part of the valence band consists of strongly
hybridized Cu3dand O(1,2,3) 2p states. The cffective width of the O 2p states decrcases{rom
O(1) to O(2) and O(3), reflecting areduction 01 the covalent bonding of oxygen in diffcrent
crystallographic  positions. The part of the valence band located around - 10 CV consists mostly of
T15d and Ba 5p states with ‘1’1 5d states lying slightly above the Ba Sp. The statcs at -16 ¢V arc
composed mainly of O 2s states. A clear shift of the O 2s states for 0(1), O(2) and 0(3) suggests
different degrees of ionization, being the least for oxygen in11-O layers. Another intcresting
feature is that 0(3) has a very narrow 2p band (compared to 0(1) and O(2)), which suggests that
O(3) is incorporated in the structurc as alooscly bonded ion. Thus, annealing in an inert
atmosphere most probably affects only ox ygeni n T1-O layers.

The band structure in the range from -18 ¢V to -t 5S¢V relative to E, presented in Fig. 2 also
shows three distinct groups of bands: in the upper encrgy arc Cu-O hybridized bands, Ba 5p - 711
Sdinthe middle anti O 2s states at the bottom with a very flat band of O(3) 2s states.

Figure 3 presents the band structure in the vicinity of £ which looks very similar to the
band structures of al layered Cu-O based high-"]’", superconductors.  Two :iltllc)st-Irce-clectrt)ll-like
dpo bands (their number corresponds to the number of Cu-O layers) cross the lermilevel. Onc
can scc a prominent van 1 love singularity (vils) which islocated along the X-R direction in the
BZ,, asis usual for all tctragonal cuprate high-']’, materials. **

q'eta] and 1-decomposed DOS for ‘1'1-1212 (6-0.5) arc presented in Fig.4. The introduction
of oxygen vacancies in the ‘1'1-0 layer produces quitc dramatic changes in the band structure of
7' 1-1212 (as comparcd to the 8=0 case). First of all, the interaction strength of 0(3) with the rest of
the ciystal is changed: the 0(3) 2p band width is enlarged and shifts deeper below B, (ef. Fig.4),

or dternatively I, shilts up in energy; the 0(3) 2s states arc now located in ncarly the same energy




region as the O(1) 2s states, while the O(2) 2s states arc shifted to approximately 2 ¢V below
(higher binding cnergy than) the O(1) and O(3) 2s stares. This changes the O 2s state ordering
found for the T1-1212 (8=0) casc. Also note that the Ba 5p states corresponding to the Ba atom
with completely occupicd 0(3)sitcsarc- 2 CV lower in energy (higher binding energy) than the 5p
states of Ba with an 0(3) vacancy in its nearest vicinity. Such changes in oxygen and Ba states are
caused by strong changes in the Madelung potential of the TI-O layers induced by partial removal
of the 0(3) atoms.

Another interesting fcaturc of the T1- 1212 (6=0.5) electronic structure is the L, location,
which lies well below the vi-Isin TI-1212 (6=0), but in TI-1212 (8=0.5) isin closc proximity to
the VHS. This is clearly seen in Fig.4, where E,. isclose to the DOS maximum produced by the

vlls.

V. X1'S Core Level Measurements

The core level binding energies and peak FWHMs measured in this work from as-grown and
nitrogen- annealed 1'1-1212 epitaxial films arc sum mari zed in Table 1, together with measurements
previously reported for 11-1212 polycrystalline pellets™ and for Hg-1212 and 1’ 1-2212 cpitaxial
films.”!" The O 1s spectrum measured from a nitrogen-anncaled T1-1212 film after ctching is
compared in Fig. 5 to the corresponding spectra from 11g-1212 and ‘1'1-2212 cpitaxial films.”"
The peak near 531 cV, which is dominant prior to etching, is associated with contaminants,®
particularly alkalinc earth carbonates. The lower binding energy manifold is a minor component
prior to etching and originates from the nonequivalent oxygen sites in the ‘1’ 1-1212 lattice. The
dominance 01’ the lower binding energy supecrconductor signalsin Fig. 5 demonstrates the surface
cleanliness obtained in this work. in contrast, earlier studics of polycrystalline Tl cuprates™
exhibited O 1s spectra with contaminant and superconductor signals ncarly equal in intensity.’

The ‘n-1212 O |s signal consists of two components, a demonstrated more clear] y in the

sccond derivatives of the spectra shown in the inset 01 Fig. 5. As previously mentioned, O(3) in

the T1-O plancs is the oxygen with the. lowest binding energy for 6 = 0, and has ncarly the same



binding energy asthe O( 1) states for & = 0.5. Assuming 75% O(3) occupancy for optimal] y doped
T1-1212,7 the 0(3) signa would account for only 11% of the total O Is intensity, and would be
<20% of the intensity of the 0(1) signal from Cu-O plancs. The lowest binding energy signal
whit.b is resolvable in Fig. 5 is the signal with the greatest intensity, and is thercfore assigned to
Cu-O plancs, consistent with studies of other cuprate superconductors.”'™'“* The higher binding
energy component is assigned to “1'1-0(2) bonding, consistent with the O state ordering found in the
band structure calculations in this work and with previous cxperimental assignments, /1?21 The
0(3) signal would either contribute to the O(1) signal or would be an unrcsolvabl y small
component on the low binding cnerg y side of the much more intense 0(1) signal.  These
assignments are verified with angle-resolved mcasurements, which show that at a photoclectron
emission angle 70° from normal the ‘1’1, Ba, and higher binding energy O Is core level signals arc
enhanced relative to the Cuandlower binding energy O 1s core level signals. These observations
suggest 1'1-0 surface termination, consistent with previously reported measurements of chemically
ctched T1-2212.2" The relative Ca abundance is not angle-dependent, which likely results from Ca
occupying multiple lattice sites, as discussed later.

The O 1s signals of T1-22 2 and 11g-1212 also consist of two components, as shown for
comparison in the inset of Fig. 5, with the high binding energy component of 11g-1212 being
associated withHg-O bonding. Thetwo O 1s components have the same binding encrgies for
11g-1212 and ‘1"1-22 12, with different intensity ratios yielding the observed difterence in the
manifold lincshapes. For Tl- 1212 and 1l1g-1212, on the other hand, the difference in observed
manifold lincshapes originates from two O |s components having similar intensities but differing
binding cnergics, with the energy scparation being 0.3-0.4 ¢V less for3' 1-1212.

The T] 4f and Ba 4d spectra are presented in Fig, 6. 1.cast squares fitting shows that the Tl
4f spectrum is consistent with a single doublet, in agreement with previous mecasurecments from
‘1'1-1212 polycrystalline pellets scraped in vacuum,”” as well as other T] cuprates.*?'%'*72?* The Tl
af,,, binding energy, which in ‘1”1 cuprates is intermediate between 11,0 and “1'1,{),, has been

interpreted™™* as evidence that “1’ 1 isin anintermediate oxidation state between + 1 and + 3, being




neatly43for 11-1212.  Similarly, the increase in the 114 £, binding energy with decreasced hole
doping when Y' is substituted for Ca*? has been interpreted’ asachange in the 11 valence,
However, in this work the primary effect of a change in the doping level is found to be a shift of
the Liermilevel, as discussed later.

The Ba4d (Fig. 6) and 3d (not shown) spectra consist of the dominant superconductor
signal, andalower intensity contaminant signal at higher binding energy. An carlicr study® of
T1-12 12 found aBa3d,, binding energy ().7 cV higher than that mecasured in this work.
110WICVCI, the O 1s signal exhibits a significantly higher contaminant signal in the carlicr work®
compared to this work, and the Ba 3d signal, with lower photoelectron kinetic energy, is more
surface sensitive. Since the energy separation of the Ba 3d signals from the supcrconductorand
contaminants is ncarly the same as the peak width, the lower binding energy observed in this work
reflects the lower level of contaminants. The band stracture results in Fig. 4 suggest that Ba atoms
ncar 0(3) vacancics should yield photocmission signals at -2 ¢V lower binding energy than Ba
atoms near occupied 0(3) silts. Assuming 75% O(3) occupancy, the Ba signal should therefore
consist of two signals with a 3:1 ratio between the high and low binding energy components,
which is not observed in Fig. 6. Some possiblercasons for this apparent discrepancy arc that the
splitting of the statcs may be more pronounced for the shallow Ba 5p core levcls, the band
structure calculated for & = 0.5 may not be directly comparable to a doping level of 8 = (.25, or the
crystal structure determined for & = 0.25 may not bc completely accurate for the calculations of the
0= 0, 0.5 Cases.

The Ca 2p spectrum in Fig. 7 consists 01 two doublets, as shown in the least squares fitting
results in Fig. 7, both of which arc associated with T]- 1212. Prior to etching, a higher binding
energy surface contaminant signal with aCa2p,, component near 347 ¢V is also prominent, but is
not detectable after etching. The two doublets evidentin Fig. 7 are also observe.d in the Ca 2p
spectraof Hg-1212 (Ref. 9)and *1'1-2212 (Ref. 1()), as well as other Ca-containing cuprates such
asBi,Sr,CaCu,0y, s (Di-2212),?() and have been interpreted as originating from occupation of

inequivalent lattice sites duc to cation disorder, with the lower binding energy doublet assigned to
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the site between Cu-O planes. As in other akaline carth compounds in genera] and cupratc
superconductors in particular, the Ba and Ca core level binding cnergies of 'T1-1212 measured in
this work are significantly lower than those of the corresponding metals, which has been attributed
to initial state clectrostatic effects, specifically the Madelung energy being larger than the ionization
energy.””’
The Cu2p,, spectra measured from 11g-1212, T1-1212, and T1-2212 arc compared in Iig. 8,
andare t ypical Of Cu*?compounds. The satellite at higher binding energy corresponds to a
multiplet of 2p°3d°’1. stales, where underscoring denotes a hole and 1. dcnoles the oxygen ligand,
and the main peak ncar 933 CV is usually attributed to well-screcned 2p’3d 'L, final states res ul ting

28y 30

from ligand-to-metal (O 2p = Cu 3d) charge transfer. The relatively large width (>3 cV) and
asymmetry of the 933 CV signal cannot be explained by core. hole lifetime broadening or
instrumental resolution,or by multiplet splitting, which would not be expected when the Cu3d
states arc fully occupied, and arc usually attributed to O 2pbandeffects. The main peak binding

encrgy and width and the satellite/main peak intensity ratio, 1/1,, for ‘171-1212 measured in this

m?

work arc in general agreement with those reported for’ T1-1212 polycrystalline pellets scraped in

vacuum .°7 The satellite - main peak energy separation and 1/1 - arc related to the O 2p - Cu 3d

hybridizationand charge transfer cnergy;” ™ the similarity of the Cu2p,, spectra for 1“1-1212
‘1'1-2212 (scctig.& and Table 1) thus indicates that the number of T1-Olayers has little effect on the
Cu-O bonding. However,the 1]-]1212. and }1~-1212 Cu 2p,,signalsdo differ, with the Hg-1212
signal having alower valucof I/I and the main signs] being broaderonthe low binding energy
side. Such obscrvations could be an indication of oxygen deficiency in the }1g-1212, which would
be accompanied by an increased intensity on the high binding energy side of the O 1s signal (near
52,9 ¢V, c.g.sccRefs. 21, 3 1). This possibility canbe climinated by examination of Fig. 5, which
shows that the 11g-1212 O Is signal has enhanced intensity at lower binding energy compared to
the ‘I'1- 1212 signal.  The observed differences in the “1'1-1212 and 11g-1212 Cu 2p,,, signals thus

appear to be intrinsic. The lower value of 1/1, observed forl]g-1212 indicates that replacement of

TH* with Hg*resultsina lowering Of the O 2p - Cu3d charge transfer energy. The observed
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differences in the Cu2p,, main peak widths, according to the conventional interpretation, should
reflect differences in the O 2p bandwidths. | lowever, the calculated O 2p bandwidth for 11g-1212
(Ref. 32) dots not differ significantly from thatfor ‘1'1-1212 (scc Fig. 1), so other possibilitics
must be considered.

Two models have recently been proposed which result in the Cu2p,, main peak having
contributions from more than ong final state. In onc model, the Cu2p,, main peak consists of two
finalstates corresponding to charge transfer from Cu-O plane oxygens (O 2p, = Cu3d,2 2) and
apical oxygens (O 2p, = Cu 3d,2).” This model is consistent with the larger Cu2p,,, main peak
widths and asymnmetric lineshapes (skewed towards higher binding energy) observed from Cu
compounds with pyramidal or octahedral oxygen coordination compared to compounds with
square planar oxygen coordination. However, 1'1-1212 and 11g-1212 are isostructural, with Cu
having pyramidal oxygen coordination in both compounds. 11 this model is correct, then the
observed li neshape differences may reflect differences in the planar vs. apical ox ygen charge
transfer probabilities. In the sccond model, the Cu 2p,, main peak consists of 2p*3d'“L. final
states at higher binding energy, and lower binding energy 2p°3d’" final states which result from
corc hole repulsion yielding Zhang-Rice singlet states on ncighboring Cu sites.™1f this model is
correct, then the observed lincshape diffcrences may reflect differences in the probability y of Zhang-
Rice singlet state formation on Cu sites away from the core hole. Both mechanisms may contribute

to the Cu 2p,, main peak width anti complex lincshape.

V. Effect of Doping on the Chemical Potential

“1'1-1212 is unusual in that even for astoichiometric oxygen content (4 = 0), the Fermilevel
lies below the v Is seen so prominently in Iiig. 3 at the R point (L, typically lies above the vils and
holc doping is required to lower it onto the VI 1s). in severalmodels,™ the VI 1sisregarded asonc
of the main reasons for high I’ superconductivity. 11 owever, the recentobservat i ons of an
extended VI Is ncar the Fermilevel for Bi-2201(T, -10 K)* and Sr,RuO, (T¢ -1 K)7* suggest

that the VI Is may be necessary but not sufficient for producing high ‘1, superconductivity. Even
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though the vlils may not be directly responsible for high T, superconductivity, the ro]c of the vils
in those compounds which do exhibit high T, superconductivity appears to be that an optimum T,
is associated with an £, shifted onto or close to the vils. Thus, the fact that I}, crosses the X-R
line of the vils makes it understan dable why samples o f T1-1212 synthesized in oxygen are already
high T, superconductors. In order to increase T, further, E,. must shift upwards onto the prominent
vlls at the R-point.

The core levels measured in this work from both nitrogen-anncaled T1- 1212 films arc
consistently observed at slightly higher binding cnergics than those of the as-grown sample (scc
‘1’able 1). With the exception of the Cu 2p,,, signal, for which the width of the signal makes
detection of small shills difficult, these binding energy shifts (£0.05 cV) arc in the range ().()4 -
(). 11 eV for the T, = 87 K sample, and 0.04 -0.17 cV for the T, = 86 K sample. The higher
values may be more reliable, since the lower values arc from the Ca 2p and O 1s signals, which
consist of overlapping components whose binding cnergics determined from least squares fitting
may have greater unccrtaint y. Core potential di fferences duc to changes in effective charges, or o
changes in the Madelung potential (c. g. from bond length changes) would be expected to have
opposite cft’ eels on different sites.  The observed shifts in the core level binding energics in the
same direction by necarly the same amount (within cxperimental error) with doping thus suggests
that the change in the chemical potential is the dominant effect of doping. Doping-induced changes

in chemical potentials have previously been reporicd for ‘1'1-2201 ,'¢ as well as for other

3

cuprates.™”

During the process of anncaling in nitrogen, oxygen is depleted from the 0(3) position
(since, asindicated above, it is the weakest bonded ion) anti so add electrons to the conducti on
band. As shown by the “1'1-1212 (8--0.5) calculations, this shifts E,. onto the vl 1s at the R-point.
The observations that T, increasces and the core levels shill to higher binding cnergics with nitrogen
anncaling arc consistent withareductionin tile level of hole dopinganda shift of E,. closc to the
vHs that arc expected with the removalof oxygen. Clearly, in this view, the same effect could also

be achieved through trivalent ion substitutions for Ca. in fact, substitution of Nd, Gd, or Y for Ca
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in ‘1'1-1212 has been reported to increase ‘1., With maximum T, occurring for 30% substitution,*
and substitution of Y for Ca has been reported to result in anincreased T14f,, binding energy.’ In
the latter study, the increcased Tl 41, binding cnerg y was interpreted as evidencee for a change in
the T1valence, rather than a change in the chemical potential, since the Cu2p,, binding energy was
not doping dependent. It is difficult to assess the validity of this interpretation since other core
level measurements were not reported. However, the possibility that a Fermilevel shift could have
been masked is suggested by the higher levels of surface contaminants in the earlier studics®” and

the greater surface sensitivity and large width of the Cu2p,, signal.

V1. X1'S Valence Band Measurements

Fig. 9 compares the valence bands and the 11 5d and Ba 5p shallow core levels of T1- 1212
and T1-221 2, scaled to fecilitate comparison of line shape diffcrences in the valence band region.
The Fermi edges, not reported in earlier studies of T1- 12.12,*” arc shown more clcarly in the inset,
further demonstrating the surface quality. The valence bands consist primarily of Cu3d, O 2p,
and “1'1 6s/5d states, with the Cu and 11 states contributing most of the spectral weight for the
photon energy used in this work.* Distinct diffcrences in themcasurcci‘ 1'1-1212 and T1-22 12 1)0S
arc apparent in Iig. 9. The shoulder near 7 CV in the *1'1-2212 spectrum consists primaril y of 11 6
States. “* ‘I’ his feature is Iess prominent in the “11-1212 spectrum, reflecting both the smaller T1/Cu
ratio relative to 1' 1-2212 and the occurrence of the “1'1 6s states at lower binding cnerg y, near 5 CV
(scc Fig.1). TI1-2212 also exhibits significant 116s/5d spectral weight throughout the energy
range 3-7c¢V,” so that the larger 11/Cu ratio relative to 11- 1212 is consistent with the larger
obscrved intensity at greater than 4 CV binding energy. However, the T]-1212 valence band shape
is more skewced towards high binding energy dcspite tbe lower T1 partial DOS in this region.
Below the valence bands in Fig. 9 arc the Cu 3d partial DOS  (the primary contributions to the
measured valence bands) from band structure calculations of T]-1212 (top, thiswork) and ‘H-2212
(bottom, Ref. 46), shifted by 2 ¢V to approximately match the envelopes of the valence bands.

Flectron correlation cffects have often been cited as necessitating Similar shifts for other cuprate

13




superconductors.  The skewing of the T]-1212 valence band towards higher binding energy may
be areflection of the more sharply peaked Cu3d partial DOS in the region 5-6 cV.

The valence bands and shallow core levels 0f T1-1212 and Hg- 1212 arc compared in Fig. 1 0.
3-he most striking difference in the valence bands is the increased intensity near 5 CV in the
[Ig-121 2 spectrum. The 11g-1212 Cu3d partial DOS is similar to that of “1'1-2212 (scc the
comparison in Ref. 9), and the differences with T]-1212 arc not sufficient to account for the
observed spectra. Shown below the valence bands in Fig. 10 arc the 11g-1212 | 1g 5d (top, Ref.
32) and TI- 12121’1 5d (bottom, this work) partial DOS in the energy range of interest. The
occurrence of” g Sdstates near 5 CV for 11g-1212 and the. lack of corresponding states for Ti-1212

arc. consistent with the observed diffcrences in the measured valence bands.

VIl. Summary & Conclusions

The core levels of high quality 1'1-1212 cpitaxial films were measured with XPS, and the valence
electronic structure was dctermined by band structure calculations and measured with XPS. The
surface quality has been demonstrated by the low level of high binding energy signals from
contaminants in the O 1s and akaline earth core level regions, and by the observation of a Fermi
edge in the valence band region. The “171-1212 oxygen 1ssignal is resolved into two components,
associated with Cu-O plancs and T1-O bonding. The similarity of the ‘1'1- 1212 and ‘1'1-2212 Cu
2p.,, Spectra shows that the number of 11-O layers haslittle effect on the Cu-O bonding.

However, the “1'1-1212 and Hg-1212 Cu2p,, signals exhibit differences which suggest that the
replacement of T1*? with 11g*? results in adecrease in the O 2p - Cu 3d charge transfer energy, as
wc] lasdi flerences in t he probabilities of planar vs. apical ox ygen charge transfer and/or Zhang-
Rice singlet state formation on Cu sites away from the core hole. Mcasurcments from samples
with differing ‘I’ ;s resulting from differing oxygen doping levels show that, within experimental
error, the corelevels arc rigidly shifted, consistent with adoping-induced change in chemical
potential. The band structure calculations show that for the stoichiometric compound (6=()) the van

Hove singularity is above ki, and is closc to E; for & = ().5. Samples annealed in nitrogen (to
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reducc the hole overdoping by the removal of oxygen) exhibit higher core level binding encrgics
and hi gher T, consistent with a shift of L. onto or nearer the vl Is. Diffcrences between the
valence bands of‘I’ 1212 measured in this work and previous] y measured ‘1"1-2212 and 11g-1212
valence bands arc consistent with differences in the calculated Cu 3d and (T1, Hg) 6s/5d partial

DOS.
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Teble I. Summary of core level binding cnergies (£0.05 eV), peak full widths at half maximum (in parentheses), and Cu 2p,,, satellite to
main peak (I/1 ) intensity ratios (£0.02) for T1-1212 epitaxial films measured in this work, together with previously reported resulls

for TI-1212 polycrystalline pellets and forT1-2212 and Hg-1212 epitaxial films.

M aterial Tl 4f,, Ba 3d., Ba 4d., Ca 2p,, Cu?2p,, I/ O1s Ref.

TI-1212 117.75 (1.4) 778.09 (1.4) 87.67 (1.15) 344.61 (1.2) & 933.1 (3.2) 0.44  527.99(10)& This work

(T.= S7K) 345.68 (1.2) 528.64 (1.2)

(T.=86K) 117.S3 (1.4) 778.13 (1.5) 87.71 (1.15) 344.61 (1.3) & 933.1 (3.3) 042 52802 (1.0)& Thiswork
345.70 (1.4) 528.72 (1.1)

(T.=745K) 117.66 (1.4) 777.99 (1 5) 87.56(12) 34457(1.2)& 933. 1 (3.2) 0.43 52793 (L0) & Thiswork
345.60 (1.2) 528.60 (0.9)

(T.= 73-79 K) 117.7 (1L5) 7788 not reported  345.0 9333(34) 041  ~529 57

TI-2212 118.02 (1.25) 778.27 (1.55) 87.87 (1.15) 344.66 (12) & 933.1 (3.1) 0.45 527.84 (0.9) &10

(T.=102 K) 345.73 (1 .2) 528.69 (1.4)

He-1212 none 778.21 (1.45) 87.83 (1.1)  344.48 21.1) & 9329(34) 036 527.87 (0.9) &9

(T,=117K) 345.62(1.2) 528.72 (1.1)




6.

o

9.

Figure Captions

Total and [-projected DOS for T1-1212 (8=-0). ‘1’1 6s and O 2s DOS are shown by dashed
lines. The scale for the TT 6S states are enlarged by afactor of 8.

FLLMTO band structurc along high-symmetry directions for T]-1212 (6=0).

FL.MTO band structure in the Fermi energy region forl“1-1212 (6=0).

Total and I-projected DOS forT1-1212 (6=0.5). ‘1’1 6s, Ba (near the 0(3) vacancy) 5p and O
2s DOS are shown by dashed lines. The ‘'] 6s states are shown enlarged by a factor of 8.
The O 1s spectra measured from chemically-ctched cpitaxial films of *1'1- 1212 (this work),
~*1-2212 (Ref. 10), and Jg-1212 (Ref. 9). The inset shows the second derivatives of the
spectra.

The T1 4f and Ba 4d spectra measured for T1- 1212, together with the results of least-squares
fitting.

The Ca 2p spectrum measured forl“1-1212, together with the results of least-squares fitting.
The Cu 2p,,, spectra measured for 1'1-1212 (this work), T1-2212 (Ref. lo), and 11g-1212
(Ref. 9),

The valence bands and the T15d/Ba 5p shallow core level spectra mcasured from 1']-1212
(this work)and 1'1-2212 (Ref. 10). The insct shows the Fermi edges. Below the valence
bands arc the calculated Cu3dpartialdensitics of states of ‘I'I-1212 (top, this work) and

T1-2212 (bottom, from Ref. 46).

1(). The valence bands and shallow corc levels measured for *1'1-1212 (this work) and 11g-1212

(Rel. 9). The inset shows the Fermi edges. Bclow the valence bands are the calculated “11-
12127'1 5d (bottom, this work) and Jg-1212 11g 5d (bottom, from Ref. 32) partial densities
of states in the binding energy range 2-7 cV.
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